Salmonella is a facultative intracellular pathogen that causes a diverse spectrum of diseases, ranging from mild self-limiting gastroenteritis to fatal systemic typhoid fever. The 3 main serovars of Salmonella are Typhi, Typhimurium, and Enteritidis. S. Enteritidis has recently become the most common cause of food poisoning, with a significant number of case reports [1, 2] . Salmonella have evolved sophisticated machinery to alter host cell function that is essential for its virulence capabilities and survival [3] . Therefore, understanding the host-bacterial interactions is central in developing prevention and treatment strategies for the diseases associated with Salmonella infection. To infect the host, Salmonella must not only pass through the upper gastrointestinal tract and the intestinal epithelial barrier, but also overcome attack from both the innate and adaptive immune systems [4] .
As one of major components of host innate immunity, macrophages play an essential role not only in host defense against infection by many pathogens, using a compartmentalized dual detection system, but also in the regulation of immune responses and inflammation [5] . The recruitment and activation of macrophages serves as a major mechanism of defense against infection by different intracellular pathogens [6] . Macrophages can be activated by various proinflammatory cytokines. For instance, macrophage colony-stimulating factor (M-CSF; CSF1) can recruit macrophages to the infection site and promote macrophages to phagocytose and kill foreign microorganisms [7] . Thus, regulation of secreted M-CSF levels may contribute to the modulation of macrophage recruitment and activation. Like other intracellular pathogens, Salmonella can use multiple complex and versatile mechanisms, including type III secretion systems (T3SS), to deliver virulence factors into host cells [8] . These virulence factors may re-program host cells and modulate the host immune response. Accumulating evidence suggests that Salmonella species, host cells, and environmental factors compose a complex network that precisely regulates the immune response during persistent Salmonella infection. The regulatory mechanism of this complicate system, however, remains incompletely understood.
MicroRNAs (miRNAs) are approximately 22-nucleotide noncoding RNAs that regulate target cellular messenger RNA (mRNA) expression at the posttranscriptional level [9] . In the context of interplay between the immune system and pathogens, miRNAs have a prominent role in the control of hostpathogen interactions [10] . miR-155, miR-142a, miR-223, miR-146, miR-9, and miR-181a have been recently shown to be crucial regulators of innate immunity and inflammatory responses [11] . The role of miRNAs in microbiota-host interactions has also been reported recently, in which Toll-like receptors (TLRs) serve as essential mediators modulating both gut microbiota and miRNAs/mRNAs in humans [12, 13] . Wang et al [14] further showed that miR-155 expression was induced by TLR signals and that the inducible miR-155 promotes type I interferon signaling in antiviral innate immunity. More recently, Schulte et al [15] analyzed the host miRNA response to Salmonella and uncovered the control of major cytokines by the let-7 family. The discovery of the broad function of miRNAs provides a new layer of molecular control of immune functions during pathogen infection.
The present study is the first to show that virulent Salmonella can actively manipulate the host cell immune response by upregulating miR-128 levels in intestinal epithelial cells, which, in turn, decreases epithelia-secreted M-CSF and impairs M-CSF-mediated macrophage recruitment. Moreover, we found that delivery of anti-miR-128 antisense oligonucleotide (ASO) by polyethylenimine (PEI) significantly reduced the level of Salmonella infection. Our study identified a new miR-128-targeting M-CSF mechanism in modulating the interaction between Salmonella and the intestinal epithelia.
METHODS

Bacteria Strains and Invasion Assay
Two wild-type Salmonella Enteritidis strains were used: virulent strain SE2472 (50% lethal dose [LD 50 ], 4.5 × 10 3 colonyforming units [CFU] [16] ) and the less virulent strain S9802
(LD 50 > 10 8 organisms). A Salmonella invasion assay was performed as previously reported [17] . Bacterial suspensions were diluted to a multiplicity of infection (MOI) of 5-10. CFU on the plates were counted and compared to those of the input bacteria. The invasiveness of Salmonella was measured by determining the survival rate of intracellular bacteria, calculated as [number of intracellular bacteria/number of input bacteria] × 100.
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR) of Mature miRNAs
Total cellular RNA was extracted using TRIzol reagent (Invitrogen). The miRNA expression profile was assayed with Taqman Array human microRNA cards (Applied Biosystems). Quantitative real-time PCR was performed using TaqMan miRNA probes (Applied Biosystems). Briefly, 5 µL of total RNA was reverse transcribed to complementary DNA, using AMV reverse transcriptase (TaKaRa) and a stem-loop reverse transcriptase primer (Applied Biosystems). Real-time PCR was performed using a TaqMan PCR kit on an Applied Biosystems 7300 Sequence Detection System. All reactions, including no-template controls, were run in triplicate. After the reaction, the threshold cycle values were determined using default threshold settings.
p53 Small Interfering RNA (siRNA) Construction and Transfection
The p53 siRNA sequence targeting the coding region of p53 mRNA was used. Active siRNA against p53 used in this study had the following sequence: 5′-UGGUUCACUGAAGACC-CAGTT-3′ (sense) [18] . The efficacy of p53 siRNA was tested in HT-29 cells expressing endogenous p53 gene. Transfection of siRNA was performed using Lipofectamine 2000 (Invitrogen, CA) according to the manufacturer's instructions. p53 knockdown was determined by Western blot analysis using anti-p53 antibody (Cell Signaling).
Statistical Analysis
Western blot and quantitative real-time PCR data reported here are representative of at least 3 independent experiments. Luciferase reporter and cell migration assays were repeated 5 times, and each experiment was performed in triplicate. The data are presented as mean values ( ± standard error of the mean [SEM]) of at least 3 independent experiments. Differences are considered to be statistically significant at P values of < .05, using nonparametric tests (the Mann-Whitney U test) or 1-way analysis of variance.
RESULTS
Infection by a Virulent Salmonella Strain Upregulates miR-128 Expression in Intestinal Epithelial Cells
Two Salmonella strains, the virulent SE2472 strain and the less virulent S9802 strain, were used in a cell-infection experiment. As shown in Figure 1A , both strains effectively infected cultured HT-29 cells, and no difference in the survival rate of bacteria in the infected cells was observed. However, when we infected mice intragastrically with the 2 Salmonella strains, we found that the CFU in the mouse intestine and colon tissues were markedly increased in the strain SE2472-infected group but not in the strain S9802-infected group ( Figure 1B ) from days 1-6. Next, we monitored the mouse immune response to Salmonella infection using fluorescence-activated cell sorter analysis. To separate the newly recruited macrophages [19] in mouse intestine from the resident macrophages, we costained the cells with anti-CD14 antibody and anti-F4/80 antibody. As shown in Figure 1C and 1D, the number of newly recruited macrophages in strain S9802-infected mice was significantly increased compared to strain SE2472-infected or mock-infection mice.
To identify the potential role of miRNAs in Salmonella infection, we determined the miRNA expression profile in HT-29 cells during Salmonella infection, using miRNA microarray analysis (Supplementary Table 1 ). We further compared the differences in expression of 29 miRNAs between the group infected with strain SE2472, the group infected with strain S9802, and the mock-infected group, using a TaqMan miRNA probe-based quantitative real-time PCR assay. As shown in Figure 2A , compared with the mock group, approximately 17 miRNAs were upregulated and 5 were downregulated following infection by the 2 Salmonella strains. Although the majority of miRNAs shared a similar upregulation and downregulation pattern, miR-128, miR-196a, miR-330-3p, and miR-20a were significantly upregulated in strain SE2472-infected mice but not in strain S9802-treated cells. Among these miRNAs, miR-128 had the greatest upregulation (>6.0-fold) in strain SE2472-infected cells, compared with the mock-infected group, suggesting that miR-128 might be involved in the interplay between the virulent Salmonella strain and host intestinal epithelial cells during infection.
To test whether induction of epithelial miR-128 is a critical part of the host response to infection with the virulent Salmonella strain SE2472, we examined the miR-128 expression in mouse small intestine and colon tissues following infection by the 2 Salmonella strains. As shown in Figure 2B , miR-128 in both the intestine and colon of strain SE2472-infected mice was upregulated approximately 3-fold, compared with levels in control mice, on days 3 or 6 after infection. In contrast, no significant difference in miR-128 expression was observed in the intestine and colon tissues from strain S9802-infected mice and mice from the control group.
Suppression of Epithelial M-CSF Expression and Secretion by miR-128
Targetscan predicted the gene encoding M-CSF to be a target of miR-128 ( Figure 3A ). To confirm that this gene is a cognate target of miR-128, we inserted the M-CSF 3′ untranslated region (UTR) into a luciferase reporter plasmid ( Figure 3B ) and introduced the plasmid into HT-29 cells. Compared with the control group, overexpression of pre-miR-128 resulted in a >40% reduction of firefly luciferase reporter activity (normalized against β-galactosidase activity), whereas anti-miR-128 antisense oligonucleotide (ASO) overexpression enhanced firefly luciferase reporter activity by approximately 25% ( Figure 3C ). In contrast, when the seed sequence of the binding site on the 3′-UTR of M-CSF was mutated, pre-miR-128 and anti-miR-128 failed to affect luciferase reporter activity.
Next, we determined the effects of miR-128 on the expression of M-CSF. Because the level of M-CSF was very low in normal cells but significantly increased after lipopolysaccharide (LPS) stimulation [20] , we analyzed the effect of miR-128 on M-CSF, using LPS-treated HT-29 cells. As shown in Figure 3D , the level of miR-128 was unaffected by LPS stimulation and treatment with M-CSF siRNA or control oligonucleotide (NTC) but increased or decreased after transfection with premiR-128 or anti-miR-128 ASO, respectively. Pre-miR-128 expression decreased LPS-induced M-CSF protein levels to approximately 70%. In agreement with this finding, the introduction of anti-miR-128 increased M-CSF levels ( Figure 3E ). The specificity of the M-CSF band was confirmed by M-CSFspecific siRNA experiments. The level of M-CSF secreted by LPS-treated epithelial cells was also determined by enzymelinked immunosorbent assay. The level of secreted M-CSF was significantly increased following LPS stimulation, and this increase was downregulated by M-CSF siRNA and pre-miR-128 ( Figure 3F ). Interestingly, a moderate elevation in the level of secreted M-CSF was also detected for LPS-treated HT-29 cells after transfection with anti-miR-128.
Infection by Salmonella Inhibited the Migration of Macrophages In Vitro
Because M-CSF can promote macrophage chemotaxis during foreign pathogen invasion [21] , we studied M-CSF-induced migration of macrophages derived from U937 cells [22] . As shown in Figure 4A , the supernatant from LPS-treated cells strongly enhanced macrophage migration across Transwell filters. This enhancement was inhibited by anti-M-CSF antibody, suggesting that the increased macrophage transmigration was induced by M-CSF. The migration rate of macrophages induced by the supernatant derived from the cells treated with LPS and pre-miR-128 was also significantly decreased. In contrast, anti-miR-128 enhanced macrophage migration initiated by the supernatant from LPS-treated cells. Serving as a positive control, direct knockdown of M-CSF levels via M-CSF siRNA significantly decreased macrophage migration. These results demonstrate that epithelial miR-128 can affect macrophage migration by modulating the secretion of M-CSF.
We next assessed the miR-128 level in HT-29 cells treated with various reagents. M-CSF, LPS, strain S9802, or heat-inactivated strain SE2472 did not affect miR-128 expression in HT-29 cells. miR-128 was upregulated (by approximately 4.0-fold) only when HT-29 cells were infected with live strain SE2472. As expected, SE2472-induced miR-128 elevation in HT-29 cells was reduced by anti-miR-128 ASO, whereas transfection of premiR-128 in S9802-infected HT-29 cells further increased miR-128 expression ( Figure 4B ). Simultaneously, levels of M-CSF in these HT-29 cells were assayed with Western blot. As shown in Figure 4C , compared with M-CSF levels in the mock-infection group, levels were upregulated in HT-29 cells administered with LPS, strain S9802, or heat-inactivated strain SE2472. Interestingly, treatment with live SE2472 did not yield an elevation of M-CSF in HT-29 cells induced by bacterial LPS. Introduction of anti-miR-128 ASO completely reversed the SE2472-mediated M-CSF reduction, whereas transfection with pre-miR-128 in strain S9802-infected cells further decreased M-CSF expression, suggesting that SE2472 infection may reduce host cell M-CSF expression by increasing cellular miR-128 levels. We also detected the level of M-CSF secreted by host cells and found that secreted M-CSF levels were also upregulated in cells exposed to LPS, strain S9802, or heat-inactivated strain SE2472. The level of secreted M-CSF was reduced by live SE2472 compared that in other groups (heat-inactivated strain SE2472 and LPS plus strain SE2472). To test whether the secreted M-CSF levels from HT-29 cells are inversely regulated by miR-128, we further transfected SE2472-infected HT-29 cells with anti-miR-128 ASO and found that the secreted M-CSF 6 colony-forming units (CFU) of strains SE2472 or S9802 intragastrically, and bacteria in the mouse small intestine and colon were detected by CFU count determination on days 1, 3, or 6 after infection. ND, no colony been detected. C and D, Inflammatory response in mouse small intestine and colon after infection. Recruitment of macrophages labeled with rat anti-mouse F4/80 antibody (PE) and rat anti-mouse CD14 antibody (APC) in mouse small intestine and colon tissues were analyzed by flow cytometry. Data are mean values ± standard error of the mean. **P < .01. Abbreviations: E. coli, Escherichia coli; ND, no Salmonella detected; PBS, phosphate-buffered saline. levels were increased. In contrast, overexpression of miR-128 in strain S9802-infected cells reduced the levels of secreted M-CSF.
Finally, we assessed macrophage transmigration induced by various conditioned media in HT-29 cell culture. Before the experiments, the supernatants of cultured HT-29 cells were filtered through 0.22-µm-pore filters to remove bacterial cells. Compared with the control group, in which only a few macrophages migrated across the membranes, macrophage transmigration was strongly induced by the supernatants from cultured HT-29 cells exposed to LPS, strain S9802, or heatinactivated strain SE2472 ( Figure 4E ). In contrast, a significantly smaller number of transmigrated macrophages was observed in the group treated with the supernatant from live strain SE2472-infected cells. As expected, macrophage transmigration in the group treated with live SE2472-infected cell supernatant was significantly enhanced when HT-29 cells were cotransfected with anti-miR-128 ASO. In contrast, macrophage transmigration in the group treated with strain S9802-infected cell supernatant was strongly decreased when HT-29 cells were cotransfected with pre-miR-128. Taken together, these results suggest that the downregulation of macrophage transmigration is dependent on the upregulation of miR-128 and reduction of M-CSF in epithelial cells.
p53 Is Involved in Salmonella Strain SE2472 Secreted ProteinMediated miR-128 Upregulation
To determine which Salmonella component can stimulate miR-128 expression, we prepared different components from strains SE2472 or S9802 and then treated HT-29 cells with individual components. As shown in Figure 5A , only secreted proteins from strain SE2472 can induce miR-128 upregulation, arguing that secreted proteins from virulent Salmonella strain SE2472 may be the factor to induce miRNA expression in the host cells. As a regulator of miRNAs, p53 has been shown to modulate the processing of many miRNAs [23] . Because bioinformatics analysis also predicted the binding of p53 to the putative promoter of miR-128, the p53 level in HT-29 cells infected with strain SE2472 or strain S9802 was assayed. The results clearly showed that the p53 level was elevated in strain SE2472-treated but not strain S9802-treated cells ( Figure 5B ). By depleting p53 via p53 siRNA, we found that the decrease in p53 level led to a strong reduction of miR-128 expression in the strain SE2472-infected and strain S9802-infected groups ( Figure 5C and 5D ), suggesting that endogenous p53 is involved in miR-128 expression during Salmonella infection. Furthermore, we determined the effect of SE2472 secreted proteins on miR-128 expression after p53 knockdown via p53 siRNA. As shown in Figure 5E and 5F, the upregulation of miR-128 by strain SE2472 secreted proteins was also attenuated in p53-knockdown cells.
Because the NF-κB signal pathway is often activated during bacterial infection and NF-κB has been shown to regulate the expression of many miRNAs [24] [25] [26] , we also tested whether strain SE2472 secreted protein-mediated epithelial miR-128 upregulation occurs through the NF-κB pathway. As shown in Supplementary Figure 1A and 1B, suppressing NF-κB signal via NF-κB siRNA did not affect the cellular miR-128 level after strain SE2472 infection, suggesting that NF-κB may not play a major role in SE2472 secreted protein-induced miR-128 expression in intestinal epithelial cells. In agreement with this, our results also showed that the M-CSF level was not affected by NF-κB depletion (Supplementary Figure 1C-E) .
Preventing Salmonella Infection by Depleting Epithelial miR-128
To test the role of miR-128-targeting M-CSF in macrophage recruitment in vivo, we infected female Balb/c mice intragastrically with strain SE2472 (6 × 10 5 CFU/mL). During infection, anti-miR-128 ASO was delivered into mice intragastrically by PEI as delivery vehicles [27] . On day 6 after infection, the mice were euthanized, and the small intestine, colon, spleen, and liver were collected. As shown in Figure 6 , the level of infection by strain SE2472 was largely reduced in the PEI/antimiR-128 group. The clinical scores of the mice were assessed by visual examination for motility, ruffled fur hunched position, feeding, ataxia, and tremor ( Figure 7A ). As shown in Figure 7B and Supplementary Figure 2A and 2B, M-CSF levels were strongly increased in the anti-miR-128 ASO-treated group, compared with the groups treated with strain SE2472 plus anti-miR-128 NTC or PEI, suggesting that SE2472 infection decreases M-CSF expression by increasing miR-128 levels. The number of F4/80+ and CD14+ macrophage subsets was dramatically increased in the strain SE2472-infected group treated with anti-miR-128 ASO, compared with that in groups treated with strain SE2472 plus anti-miR-128 NTC or PEI ( Figure 7C and Supplementary Figure 2C and 2E ). In addition, treatment with anti-miR-128 ASO also significantly increased the production of reactive oxygen species by macrophages in the intestine and colon section of strain SE2472-infected mice ( Figure 7D and Supplementary Figure 2D and 2F ), compared to groups treated with anti-miR-128 NTC or PEI. Interestingly, by increasing M-CSF level in colon tissue through direct delivery of recombinant M-CSF into mouse colon during strain SE2472 infection, a large number of infiltrated macrophages were detected in the colon, accompanied by an approximately 50% reduction in the number of surviving bacteria ( Figure 7G and 7H). As expected, the miR-128 level in mouse colon tissue was not affected by the return of M-CSF ( Figure 7I ). These results strongly confirm the role of M-CSF in modulating macrophage recruitment and bacterial clearance during Salmonella infection.
DISCUSSION
The role of miRNAs in pathogen-host interactions is beginning to be investigated recently [28] [29] [30] . Alteration of the host cell miRNA expression profile by Salmonella may serve as an efficient way to modulate the host cell immune response, which allows immune escape of invaded Salmonella. This hypothesis has been supported by many recent studies. Schulte et al [15] identified the let-7 family as the common denominator of Salmonella-regulated miRNAs in macrophages and epithelial cells and that repression of let-7 could relieve cytokine IL-10 mRNAs. Here, we reported that Salmonella infection induced significant alteration of epithelial cell miRNA expression, and the virulence of the Salmonella strain might be dependent on its capacity to induce the expression of miR-128 in the infected epithelium. A regulatory role for miR-128 has been reported in glioma cell proliferation [31] , neuroblastoma cell motility and invasiveness [32] , and cell motility in ovarian cancer cells Figure 6 . The protective role of PEI delivery of anti-microRNA 128 (miR-128) ASO against Salmonella infection in mice. Mice were inoculated intragastrically with Salmonella and synthetic RNA molecules (5 × 10 6 colony-forming units/per mice) with or without PEI. The control mouse group received PEI only. The mice were euthanized on day 6 after infection. A, Salmonella counts in mouse small intestine and colon tissues. B, miR-128 levels in the mouse small intestine and colon tissues. C, Salmonella bacteria count in the mouse spleen and liver tissues. Data are mean values ± standard error of the mean. **P < .01. Abbreviation: ND, no Salmonella detected. [33] . Together with our finding of miR-128 targeting epithelial cell M-CSF, the studies show that miR-128 may have different function under various pathophysiological conditions. Salmonella has evolved various strategies to subvert host innate or adaptive immune responses through virulence factors [34, 35] . In this study, we reported a novel pathway through which Salmonella could manipulate host miRNA expression to build a suitable environment for bacterial invasion and survival. Through miRNA microarray and quantitative real-time PCR analyses, we found that epithelial miR-128 was strongly upregulated by the virulent strain SE2472 but not the less virulent strain S9802 (Figure 2 ). Although the mechanism by which Figure 2D and 2F ) analyzed with dye (DCFH-DA). E and F, NO production in small intestine and colon (E) or sera (F ). G, Salmonella bacteria counts in the mouse colon. H, Recruitment of macrophages in mouse colon analyzed by immunohistochemistry. I, Expression level of microRNA 128 (miR-128) in mouse colon. Mice were infected with strain SE2472, and M-CSF (50 µg) was directly delivered into mouse colon every other day. Data are mean values ± standard error of the mean. **P < .01. Abbreviation: PBS, phosphate-buffered saline.
SE2472 controls host miRNA expression is unknown, our data suggest that at least specific secreted protein from strain SE2472 (virulent) but not strain S9802 (less virulent) is responsible for epithelial miR-128 upregulation. We tested the effects of various extracts (such as LPS, OMPs, flagellin, and secreted proteins) from both strains (SE2472 and S9802) on epithelial miR-128 expression and found that only secreted proteins from strain SE2472 increased the level of miR-128 ( Figure 5A ). Furthermore, strain SE2472 affected host P53 expression, whereas strain S9802 did not ( Figure 5B) . The relationship between p53 and miR-128 during Salmonella infection ( Figure 5C and 5D) or treatment with secreted proteins from strain SE2472 ( Figure 5E and 5F ) further indicated that miR-128 expression is correlated with secreted proteins.
Macrophages are phagocytes with a major role in the clearance of invading bacteria, including Salmonella, and activation and recruitment of macrophages requires various cytokines. Macrophage recruitment to the inflammation site can be induced by various chemoattractants or proinflammatory factors, including M-CSF [36] , MCP-1 [37] , and MIP-1α/CCL3 [38] . A previous study by Hoi et al [36] showed that epithelial cellsecreted M-CSF served as a chemoattractant for macrophage recruitment. Here, we identified the gene encoding M-CSF as a target of miR-128. Because the level miR-128 in colonic epithelial cells was specifically increased after exposure to strain SE2472, the levels of epithelial cellular M-CSF and secreted M-CSF by these epithelial cells would decrease. Therefore, the M-CSF-mediated subsequent recruitment of macrophages would be attenuated. In conclusion, the present study provides a novel miRNA-based mechanism that may play a part in modulating Salmonella immune evasion during the infection process.
The regulatory role of miR-128 in M-CSF expression and M-CSF recruitment of macrophages was further validated in a mouse infection model. The results from PEI delivery of antimiR-128 ASO demonstrated a link between the induction of epithelial miR-128 and the virulence of the Salmonella strain. When colonic epithelial miR-128 was depleted by antimiR-128 ASO (Figure 6B ), the infection of strain SE2472 in mouse small intestine and colon tissues ( Figure 6A ) and in spleen and liver ( Figure 6C ) was significantly attenuated. In this model, infection with the virulent Salmonella strain specifically increased epithelial cell miR-128 expression, which, in turn, downregulated the level of M-CSF secreted from epithelial cells and consequently reduced M-CSF-mediated macrophage recruitment. In addition, reactive oxygen species and NO production was further increased in strain SE2472-infected mice when treated with anti-miR-128 ASO ( Figure 7D-F ) , indicating that activation of macrophages may be occur correspondingly. Although the cytokines TNF-α and IL-6 (as controls) were also induced during Salmonella infection, they were not affected by treatment with anti-miR-128 ASO or pre-miR-128, which is in agreement with the finding that these cytokines are not targeted by miR-128 (data not shown). Because mouse infection by virulent Salmonella can be effectively attenuated by PEI delivery of anti-miR-128 ASO, delivery of anti-miR-128 ASO may be a novel approach for controlling Salmonella infection.
In conclusion, the present study provided the first evidence that Salmonella infection can suppress the host immune responses through upregulating host cell miR-128, which, in turn, decreases the secretion of M-CSF by host cells and the M-CSF-mediated recruitment of macrophages.
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